Abstract Several studies have shown that maintaining in memory some attributes of speech, such as the content or pitch of an interlocutor's message, is markedly reduced in the presence of background sounds made of spectrotemporal variations. However, experimental paradigms showing this interference have only focused on one attribute of speech at a time, and thus differ from real-life situations in which several attributes have to be memorized and maintained simultaneously. It is possible that the interference is even greater in such a case and can occur for a broader range of background sounds. We developed a paradigm in which participants had to maintain the content, pitch and speaker size of auditorily presented speech information and used various auditory distractors to generate interference. We found that only distractors with spectrotemporal variations impaired the detection, which shows that similar interference mechanisms occur whether there are one or more speech attributes to maintain in memory. A high percentage of false alarms was observed with these distractors, suggesting that spectrotemporal variations not only weaken but also modify the information maintained in memory. Lastly, we found that participants were unaware of the interference. These results are similar to those observed in the visual modality.
Introduction
One crucial parameter in a conversation between two speakers is the ability to memorize and keep relevant information from the interlocutor's discourse in short-term memory. Performed effortlessly in a quiet environment, these mnesic operations tend to be difficult in noisy situations, not only because an increased listening effort is needed (Surprenant et al. 1999) , but also because background noise can blur short-term memory.
To explain this interference, Baddeley's working memory model (Baddeley 1986 (Baddeley , 1992 (Baddeley , 2000 supports the existence of a temporary, phonological store in which information is maintained for a few seconds but can easily be disrupted by irrelevant sounds. The amount of disruption depends on two variables: the nature of the speech material to be remembered and the acoustic characteristics of the background noise. Indeed, only sounds with changing-state characteristics have been known to impair the maintenance of speech information (Jones et al. 1992; Salamé and Baddeley 1989) , regardless of the nature of these irrelevant sounds (music, speech, tones, etc.) .
Since speech is made of multiple characteristics varying concomitantly (e.g. content, prosody, etc…), the nature of speech material that has to be remembered is large and not limited to one single element. Nevertheless, most studies have focused only on the content of a message, which is the most important part of information to be stored in memory. The maintenance of the content of a speaker's message has been extensively investigated through serial recall tasks requiring participants to maintain in memory a list of letters or words for a certain length of time (e.g. Colle and Welsch 1976) . The recall of serial sequences of verbal items presented auditorily or visually is severely reduced when these sequences are followed by irrelevant sounds, even if participants are instructed to ignore these sounds. This phenomenon is named irrelevant sound effect (Jones and Macken 1993; Jones et al. 2004) .
The maintenance of pitch information has been investigated through other paradigms, usually comparison tasks requiring participants to compare whether the pitch of a speech sound is the same as the pitch of another sound heard a few seconds earlier. Evaluating whether two speech sounds are of similar pitch has been shown to be severely impaired when some interfering sounds of varying pitch are played at intervals (Deutsch 1972; Semal et al. 1996) . A parallel may possibly be drawn between this observation and the effect of phonological similarity in serial recall of word sequences. Salamé and Baddeley (1982) observed an increased amount of disruption when the irrelevant distracting material presented some degree of phonological similarity with the material to be rehearsed (e.g. the word three vs. the word tee).
Although evidence collected from these different paradigms has led to some conclusions on how short-term memory maintains speech information, several questions remain unanswered. Since the investigations mentioned above have used distinct paradigms and have restricted their investigation to one characteristic of speech, the experimental situation differs from real-life conversations in which several parameters of speech are subjected to change and have to be maintained in memory. During a conversation it is hard to know which parameter of speech to focus on; as a result memorizing and maintaining information seem much more challenging. A consequence of this increased difficulty could be that in natural conversations, changing-state characteristics may not be a required parameter to disturb short-term memory.
The aim of this experiment was to further explore the mnesic mechanisms triggered by the presence of irrelevant sounds. Our primary objective was to reveal whether features of speech affected by sounds with changing-state characteristics were restricted to pitch and content or to other categories. Our hypothesis was that not only all characteristics were affected, but since there were several characteristics to retain in memory, irrelevant, so-called non disturbing noises such as a white noise for example, could also hinder memory. Our secondary objective was to further understand the mechanisms underlying the impairment in maintaining mnesic information. We investigated whether the presence of an irrelevant noise made participants unable to detect speech changes or whether participants misattributed changes. In other words, do irrelevant sounds erase or modify the information relative to speech retained in memory?
To answer these questions, we developed a paradigm in which several characteristics of speech had to be memorized and maintained. This paradigm was a comparison task in which a sequence of five syllables was played, followed by another sequence of five syllables. In one syllable in the second sequence, a change could affect either its content or pitch, as already performed in previous experiments, but also the speaker size. The linguistic content was limited to the phonemic level, since the maintenance of information in the phonological store consists of sub-lexical items (Colle and Welsch 1976; Salamé and Baddeley 1982) . Furthermore, this level has been shown to automatically engage speech specific processes (e.g. Dehaene-Lambertz and Pena 2001) . Between these two sequences, one of the following irrelevant noises could be played: either one with spectrotemporal variations, or a broadband noise. In addition to the irrelevant noise, we added a condition in which there was almost no delay between the sequences. Since the encoding of the different speech features probably involves different levels of cognitive load in different processing durations, an excessively short time frame between auditory sequences may result in some impairment in detecting changes for some of these features, and would reveal the time course of their encoding. A long silence was used as control condition. It should be noted that the distractor did not overlap with the sequences in order to avoid any energetic masking and to focus on its effect on memory or attention rather than audibility and intelligibility.
In addition to the measurement of change detection performances, we also explored whether or not participants were able to post-evaluate which irrelevant noise induced the most change deafness. In the visual modality, people usually cannot estimate their detection abilities accurately during change blindness experiments, making them blind to their change blindness (Levin 2002; Loussouarn et al. 2011) . Similar results in the auditory modality would suggest that the metacognitive processes underlying both sensory modalities share similar properties.
Materials

Participants
This experiment was carried out on 27 participants (6 males, 21 females; mean age = 23.8, SD = 4.1). All of them self-reported having normal hearing and were paid for their participation. Informed consent was obtained from the participants and experimental procedures were approved by The Ethics Committee of the University Hospital of Geneva. The stimuli were made of sequences of five syllables. A reference sequence was first presented, followed by a mask, followed by a comparison sequence. The comparison sequence differed from the reference sequence in only one syllable, selected at random from the three central syllables (Fig. 1) .
Syllables
A set of 60 different consonant-vowel (CV) was recorded from a single male speaker, as described by Ives et al. (2005) . The syllables were carefully trimmed to 200 ms, preserving the natural onset and offset. The fundamental frequency (F0) and spectral envelope ratio (SER) were manipulated using STRAIGHT (Kawahara and Irino 2004) . A change in F0 induces a change in pitch, while a change in SER affects a change in vocal tract length, and is perceived as a change in the size of the speaker ). An SER of 1 corresponds to the original speaker. An SER > 1 corresponds to a spectrum expanded toward the high frequencies, and is related to a shorter vocal tract. On the other hand, an SER < 1 corresponds to a spectrum contracted towards the low frequencies, i.e. a longer vocal tract. All the syllables were equalized to the same intensity.
Sequences
Five different syllables were randomly selected and concatenated to form the reference sequence, with silences of 50 ms after each syllable. Five intervals were randomly chosen from the musical scale (C, D, E, F, G, A and B) and assigned to the syllables. For each sequence, the F0 corresponding to C was randomly chosen between 127 and 202 Hz, so that the random melodies would not all be tuned on the same key. The SER of each syllable was randomly chosen between 0.95 and 1.20, which roughly corresponds to speakers from 140 to 175 cm tall. The comparison sequence differed from the reference sequence in only one syllable, randomly chosen from the second, third and fourth. The syllable could differ in Pitch (F0), Speaker Size (SER) or Syllable type (consonant). The F0 difference was an increase of 30 % (4.5 semitones). The SER difference was a decrease of 9 % (making the speaker 10 % taller). The syllable change was a consonant substitution: /b/ was replaced by /p/ and vice versa, /g/ by /k/, and /m/ by /n/. The vowels always remained the same, i.e. one of the five canonical vowels /a, e, i, o, u/.
Masks
Three different types of masks were used and compared to a reference condition. The reference was a silence of 550 ms and was thus called Long-silence. The first mask, called Short-silence, was a silence of 70 ms, which is only slightly longer than the interval between two syllables within a sequence. The small time lapse was used to mark the beginning of the comparison sequence and this condition can be considered as an absence of mask. The second mask, named Noise, was a burst of white noise (attenuation of 6 dB/octave) of 500 ms preceded by 50 ms silence. The third mask, called Melody, was a random pure tone melody composed of five different notes. Each note had a duration of 100 ms and its frequency was randomly chosen between 220 and 440 Hz, by steps of 1 semitone. To avoid clicks, 10 ms ramps were applied at the onset and offset of the notes. Thus the random melody was 500 ms, and was also preceded by 50 ms silence.
Stimuli
All changes were combined to each mask type and to the reference, forming 12 different conditions. For each mask, one control condition in which the comparison sequence was identical to the reference sequence was also imposed. In each of these 16 conditions, 10 different stimuli were generated for each of the three possible positions for the change within the sequence, yielding a total of 480 stimuli.
Apparatus
Stimuli were presented diotically via headphones (Sennheiser HD 595) and the intensity was set to 60 dB SPL.
Procedure
Participants were sitting in a sound-attenuating room, and had to press keys 1 (same) or 2 (different) on a keyboard, according to their perception of change. Trials were arranged in 21 different blocks, with a possible short break between each of them. In 1/4 of the trials the comparison sequence was identical to the reference sequence, i.e. the correct answer was "same". All possible combinations of differences and masks were presented in each block. There were thus 48 trials in each block, and the order in which they were presented was random. After each trial, participants pressed a key to start the next sequence 500 ms later.
The experiment lasted approximately 90 min in total. A questionnaire made up of 4 questions was given to the participants at the end of the experiment. They were asked to write down which of the masks (including silence) seemed to be the most disturbing, which was the least disturbing, which of three changes was the easiest to detect, and which one was the most difficult to point out.
Results
The percentage of correctly detected changes was first analyzed through a two-way repeated measures ANOVA with type of change (syllable, speaker, F0) and type of mask (Melody, Noise, Short-silence, Long-Silence) as factors. The analysis revealed a main effect of type of change (F(2.52) = 150.47, p < 0.0001), with variations of pitch being the most easily detected features ( p < 0.0001) (see Table 1 ). A significant effect of the various masks was also found (F(7.78) = 7.12, p < 0.001), with better performances with the melodic mask compared to the white noise ( p < 0.01) and with silence ( p < 0.001). A subsequent oneway repeated measures ANOVA performed on false alarms nevertheless showed that false alarms also differed significantly among the various masks (F(3.78) = 11.78, p < 0.0001). The melodic mask induced the highest percentage of false alarms compared to the others ( p < 0.0001 with Noise and Long-silence; p < 0.05 with Short-silence).
These results clearly demonstrate that the higher percentage of correct answers observed with the melodic mask is closely related to a higher number of false alarms. Signal detection theory was thus applied to evaluate the detectability of the changes precisely. The sensitivity index d was calculated for each mask and each type of change and correction was applied according to Macmillan and Creelman (2005) . Mean sensitivity was significantly above zero for all 12 different conditions (each p < 0.001), indicating that participants always performed better than chance.
As the aim of this study was to evaluate whether change detection performances were modified by the presentation of a mask rather than to measure these performances for the three different types of changes, statistical analyses were performed on the differences of A two-way repeated measures ANOVA with the following factors: type of change (syllable, speaker, F0) and type of mask (Melody, Noise, Short-silence) was performed to investigate the decrease in change detection sensitivity. As shown in Fig. 2 , mask type was found to have an effect (F(2.52)=5.03, p < 0.05). The detectability of changes was significantly more reduced with the Melodic mask than with other masks ( p < 0.01 with Noise; p < 0.05 with Short-silence). A significant interaction between the type of mask and the type of change was also found (F(4.104) = 2.57, p < 0.05). Detectability of all types of changes was significantly more reduced with the melodic mask (syllable: p < 0.001 compared to noise and to short-silence; speaker: p < 0.001 compared to noise; p < 0.05 compared to Short silence; F0: p < 0.05 compared to noise; p < 0.01 compared to Short silence). When a change of speaker was detected, the sensitivity was also more degraded with short silence compared to noise ( p < 0.01). In the melodic condition, the sensitivity was more impaired for a change of speaker size compared to a change of syllable ( p < 0.01) and pitch ( p < 0.001). No difference in sensitivity was found between a difference of syllable and pitch.
Statistical analyses were performed on the response criterion c, which represented the participants' tendency to respond that they had detected a change or not independently of the response correctness. For the same reasons as for the measurement of d , statistical analyses were performed by subtracting the c values of the three different masks from the mask in the long-silence condition. The subtracted value, or c, shown in Fig. 3 , consequently reflected the difference in strategy, also called response criterion, used by the participants when the different masks were presented and was no longer linked to the number of hits. A positive c indicated a more liberal criterion in relation to Long-Silence, causing participants to push the 'change' button more often.
The differences in strategy were analyzed through a two-way repeated measures ANOVA with type of change (syllable, speaker, F0) and type of mask (Melody, Noise, Short-silence) as factors. The analysis revealed a main effect of mask type (F(2.52) = 7.81, p < 0.01). Participants had a significantly more liberal approach with the melodic mask than with noise ( p < 0.001) or short silence ( p < 0.05), i.e. they were more likely to say there was a change even if there was none. The significant interaction (F(4.104) = 2.57, p < 0.05) also showed that short-silence induced a more conservative criterion when there was a change in speaker size than on other speech characteristics ( p < 0.01).
Post-evaluation of participants' subjective feelings about the task showed that they correctly assessed the difficulty of a change since all of them perceived Pitch as the easiest one to detect. 63 % of participants considered that speaker size was the least noticeable change. However, participants' evaluation of the difficulty generated by the various auditory masks was less accurate. Only 26 % of them found that melody was the most disturbing mask (Long-Silence: 0 % of participants; Noise: 41 % and Short-silence: 33 %). Nevertheless, Note that all differences are positive, suggesting that participants used a more liberal criterion with the various masks than with Long Silence. The more positive the difference, the more liberal was participants' strategy, leading them to give more "change" than "no-change" responses, independently from the response correctness. Error bars indicate the standard error 8 % of participants considered it to be the least disturbing one (Long-Silence: 70 %; Noise: 11 %; Short-silence; 11 %).
Discussion
The main result of this experiment is that the deleterious effect of irrelevant sounds appears to be equivalent regardless of how many speech characteristics must be kept in memory. Among the different distractors used, only irrelevant sounds presenting spectrotemporal variations altered the memorization of all speech attributes, whereas broadband noise did not. The discriminability of changes, known as d according to signal detection theory, was significantly more reduced with the melodic distractor than with others. This is reminiscent of several recall studies showing that tasks involving rehearsal were more disrupted by sounds with changing-state characteristics than by steady-state ones (Banbury and Berry 1998; Salamé and Baddeley 1990) . Among the hypotheses to explain these interferences, the feature model (Nairne 1990; see Neath 2000 ) and the primacy model Norris 1998, 2003) have suggested that sounds made of spectrotemporal variations require more attentional resources than stationary or repeated items. This could be an extension of the effect of phonological similarity in the phonological model where the degree of interference is related to the degree of similarity between the irrelevant speech stimuli and the items to be remembered. Because of this phonological similarity, "there are fewer discriminating features between items, leading to impaired retrieval and poorer recall" (Baddeley 1992 ). In our experiment, the structure of the melodic distractor was more similar to the speech sequences than the broadband noise and could have engaged at least a partly similar mechanism.
An additional and intriguing result is that the sound with spectrotemporal variations led participants to modify their response strategy. A more negative response criterion value was observed, which means that participants more often reported that a change had occurred even when this was not the case. This explains why more changes were recorded with the melodic distractor, whether there was a change (hits) or not (false alarms). The increased number of false alarms suggests that participants specifically experienced some "illusions" of change when the melodic distractor was played. To our knowledge, such illusions have not been reported before. Specifically, no information on the percentage of false-alarms and on the response criterion was provided on previous speech comparison experiments using irrelevant sounds with spectrotemporal variations (Semal et al. 1996) . Consequently, the presence or absence of the same phenomenon cannot be assessed. A potential explanation may be hypothesized by drawing a parallel with serial recall experiments in which phonological errors, like the phoneme exchange errors that occur in spoonerisms, have frequently been reported (e.g. Morton 1964; Crowder 1978; Ellis 1980) . According to the working memory model, these errors arise in the phonological store, on the basis of similarity. Since the information is stored as sub-lexical units in the phonological store, meaningless syllables are more subjected to disruption than concrete words by speech-like irrelevant sounds. The high-level of confusion may have modified the contour (among others) of the original sequence, and negatively impacted the subvocal rehearsal of syllables in a way that could have led to a false perception of a change.
The hypothesis of an interference generated only by sounds with spectrotemporal variations fits well with our results obtained with the white noise. The discriminability of the changes was not reduced by the presence of this irrelevant sound and the number of speech characteristics that had to be remembered thus did not alter the impact of this distractor. This absence of alteration is in accordance with recall experiments showing that bursts of white noise are significantly less disruptive than spoken words (Salamé and Baddeley 1982; Ellermeier and Hellbrück 1998) . Recent studies comparing multiple simultaneous non-speech stimuli also failed to show any difference in the detection of a change whether there is a white noise or silence (Pavani and Turatto 2008) . Compared to the melodic distractor, white noise is a random and featureless signal which cannot be precisely stored in memory, except in terms of loudness. Played during the rehearsal of auditory information, it cannot interfere with the contour of the reference sequence and thus cannot lead to any impairment and therefore to any illusion of a change.
In addition to the main effect of distractors with spectrotemporal variations on the maintenance of all speech characteristics, specific effects of some distractors were found for some precise characteristics. Although these data must be taken cautiously since the design of the experiment did not match the difficulty in detecting changes to all speech characteristics, preliminary results provide several interesting topics for future research. The first result is that changes in syllables and changes in pitch were equally affected by distractors. This suggests that verbal content of speech was not as deeply ingrained in memory as its indexical attributes, or at least no more preserved from disturbance (Semal et al. 1996; Stern et al. 2007 ). As mentioned before, this observation may rely on the absence of meaning in speech sequences to remember, so the content could then be less well preserved. Further investigations using concrete words as stimuli are necessary to assess whether the impairment of speech content depends on the meaning of these stimuli or not.
An additional condition in which the detactibility of changes differed between speech characteristics was when there was almost no pause at all between the sequences. In this case, the discriminability of a change in content or pitch remained unaffected, confirming previous results (Demany et al. 2008 ), but was significantly reduced for a change of speaker. A potential explanation for this result is that encoding a speaker's voice in memory takes longer than encoding the variations of pitch or content. Whereas it is important to follow some rapid variations of F0, e.g. in prosody, and to encode the content of a sentence, a speaker usually remains the same in a conversation and the listeners exploit this difference of variation rate when establishing speaker identity (Gaudrain et al. 2009 ). As a consequence, it may not need to be encoded as quickly as the other parameters. The high value of the response criterion for a speaker's voice in the short-silence condition may then be linked to an incomplete encoding of this information, leading to a false perception of a change of speaker. This effect is consistent with the common finding that a noise-reduction algorithm does not improve intelligibility, contrary to self-evaluation by listeners (Hu and Loizou 2007; Sarampalis et al. 2009 ).
Our last finding is that participants remained unaware of the deleterious impact induced by an irrelevant sound made of spectrotemporal variations. Indeed, only 26 % of participants considered the melodic distractor as the most confusing in their perception of changes. This result is consistent with observations made in the visual modality, in which participants fail to anticipate or recognize their own difficulty in detecting changes (Loussouarn et al. 2011 ), a phenomenon called change blindness blindness. Similar metacognitive processes probably occur in both sensory modalities with regards to predicting change occurrence.
In light of this study, it appears that an irrelevant sound with distinct spectrotemporal variations similar to speech or music for example, can impair the detection of changes in all speech dimensions. Such an irrelevant sound is quite common in real-life situations, such as a background conversation or music in a restaurant, for example. Even if listening conditions are intact, and even though we may not feel especially disturbed by this interference, these background noises have a deleterious impact on the retrieval of memorized information.
